We have developed a novel approach to the rapid visual detection of Cu 2+ in natural samples based on the copper-mediated leaching of gold nanorods (GNRs). In the presence of hexadecyltrimethylammonium bromide, which can reduce the redox potential of Au(I)/ Au, the GNRs are catalytically etched by Cu 2+ preferentially along the longitudinal direction. And as a result, the localized surface plasmon resonance extinction peak shifts to short wavelength, accompanied by a color change from blue to red. The leaching mechanism has been carefully discussed in a series of control experiments. Under optimal conditions, this sensor exhibits good sensitivity (LOD = 0.5 nM). Most importantly, the approach is highlighted by its high selectivity for and tolerance of interference, which enables the sensor to detect Cu 2+ directly in a complex matrix, especially in seawater. Moreover, such a nanoparticle-based sensor is also successfully applied to test paper for the visual detection of Cu .
■ INTRODUCTION
Since the exposure of the Minamata event in the 1950s, contamination by heavy metals has aroused extensive public concern. The risk of such pollutants, even at "invisible" trace levels in the environment, is that they can be progressively concentrated through the food chain and present a threat to human health.
1 Among heavy metals, despite its less-significant toxicity, copper has become a widely distributed pollutant in natural water as a result of the dumping of electronic trash and mining residues. The rapid onsite monitoring of Cu 2+ is thereby emerging as an important analytic issue.
2 However, the strong dependence of developed methods on instruments (AAS, AES, ICP-MS, etc.) prevents them from being used in outsidelaboratory applications. Such methods would also be affected by the complex matrix of certain natural waters (e.g., the matrix effects of seawater on ICP-MS 3 and the interference of organics in anodic/cathodic stripping voltammetry 4−6 ). The development of a portable but highly sensitive and selective method is thus urgently needed. To realize this purpose, many quantumdot-based fluorescent probes have been designed for Cu 2+ . 7−11 Such probes, compared to traditional organic probes, yield better sensitivity and selectivity but suffer from the interference of the sample matrix and the time-consuming process of the preparation of these functionalized quantum dots. A visual method based on the Cu + -dependent click reaction, 2 showing high selectivity and tolerance to interference, has a relative high detection limit (3.0 μM), which limits its application in most cases. Colorimetric probes based on target-inducing nanoparticle aggregation, compared to traditional chromogenic reagent-based methods, have proven to be more sensitive. These probes still encounter difficulties in sensing Cu 2+ in complex matrixes because of the autoaggregation in water samples. 12−15 Recently, a promising new strategy for sensing metal ions (Pb 2+ ) based on the catalytic etching of gold nanoparticles was first developed by Chen et al. 16 The formation of a PbAu alloy decreased the redox potential of Au(I)/Au(0). In the presence of thiosulfate and mercaptoethanol, gold nanoparticles were oxidized by dissolved oxygen to produce Au(I). The wine-red colloidal gold was therefore bleached. Thereafter, our group developed similar methods for sensing Cu(II). 17, 18 With the presence of thiosulfate, gold or silver nanoparticles were oxidized by Cu(II) to produce Au(I) or Ag(I) and Cu(I). The latter was then oxidized by dissolved oxygen, and Cu(II) was regenerated. The circle also led to the bleaching of colloidal gold or silver. Although these methods are sensitive and can be applied to the sensing of Cu(II) in tap water and drinking water, the low stability of thiosulfate-stabilized nanoparticles limited their application in complex matrixes. For example, high salt in seawater would lead to the aggregation of these nanoparticles.
In this work, using cetyltrimethylammonium bromide (CTAB)-stabilized gold nanorods (GNRs), the color of which is dependent on the aspect ratio, 19, 20 we have proposed a simple and sensitive visual sensor for Cu 2+ based on the catalytic etching of GNRs. In this system, CTAB acts not only as a stabilizer but also as an ion-association reagent. As an association reagent, CTAB reduces the redox potential of Au(I)/Au(0), allowing GNRs to be oxidized by Cu 2+ . Additionally, the high binding force between the amino group of CTAB and gold could keep GNRs stable in a complex matrix. Thus a visual sensor can be used for the sensing of Cu 2+ in a complex matrix, such as lake water, digested shellfish samples, and especially seawater. Transmission electron microscopy (TEM) analyses were performed on a JEM-1230 electron microscope (Japan) operating at 100 kV. Extinction spectra were recorded on a Thermo Scientific NanoDrop 2000/2000C spectrophotometer.
Preparation of Gold Nanorods. Gold nanorods with different aspects (length/width ratio) were synthesized according to a modified method by changing the amount of AgNO 3 . 21 The obtained gold nanorods were centrifuged twice at 8000 rpm for 15 min to remove excess ascorbic acid that would inhibit the sensitivity of the proposed probe (Supporting Information, Figure S1 ). The obtained soft sediment was then resuspended in deionized water. Finally, a different amount of CTAB was added to the gold nanorod solution.
Procedure for Sensing Cu 2+ . The prepared gold nanorods (200 μL) were added to a hydrogen bromide-adjusted buffer solution (800 μL, 0.5 M) containing different concentrations of Cu 2+ ions. The final concentration of gold nanorods was calculated to be about 0.33 nM. 22 After incubation at 75°C for 20 min, the resulting solution was then subjected to UV−vis spectroscopic measurements.
■ RESULTS AND DISCUSSION
Scheme 1 presents the sensing mechanism for the detection of Cu 2+ . In the absence of Cu 2+ , CTAB-stabilized GNRs were etched slowly by dissolved oxygen in hydrobromic acid solution 23 and the GNR solution remained blue during the incubation process (20 min). The negligible color change corresponds well to the slight change in the localized surface plasmon resonance (LSPR) extinction spectrum of GNRs (Supporting Information, Figure S2 ). With addition of Cu 2+ , the GNRs were catalytically etched along the longitudinal direction (Supporting Information, Figure S3 ). The etching of GNRs resulted in the decrease of aspect ratio of GNRs as shown in the TEM images ( Figure 1 ) and the aspect ratio distributions ( Figure S3 , Supporting Information). The preferential shortening along the longitudinal direction can be attributed to less surface passivation and/or higher reaction activities at the tips of the gold nanorods. 23−25 The anisotropic etching led to the blue shift of the LSPR extinction spectrum of GNRs (Figure 1 ), accompanied by a color change from blue to red and even to colorless with the increase in Cu
2+
, providing a visual method for sensing Cu 2+ (Scheme 1). To explore the etching mechanism, we added a high concentration of Cu 2+ (2 mM) to the colloidal gold in the presence of 0.5 M HBr, and the solution was incubated at room temperature for several minutes. The color of the mixture changed to colorless within 5 min ( Figure S4 , Supporting Information). This indicated that Au was transformed to Au(I) instead of Au(III). In addition, a new absorption band at around 280 nm was immediately obtained as the colloid turned colorless. As the incubation progressed, the absorption at 280 nm decreased gradually with time, suggesting the formation of Cu(I) and the further transformation of Cu(I) to other species ( Figure S5 , Supporting Information). 2 mM CTAB was introduced, and the color changed to reddish with a decrease in the extinction peak at around 520 nm. It was also observed that the etching rate would be improved with the increase in CTAB concentration. To confirm that the etching process was essentially affected by CTA + but not by increasing the Br − concentration, a control experiment was also conducted by replacing CTAB with NaBr. As shown in Figure S7 in the Supporting Information, different concentrations of NaBr of less than 4 mM had little effect on the etching of tween-20-stabilized gold nanoparticles.
In To test this assumption, several control experiments were conducted from different aspects. . Figure S8 in the Supporting Information illustrates the absorption spectrum of 1 mM CuBr 2 − −CTA + after incubation at room temperature for different times (curves a−c). The absorption at around 280 nm was observed to decrease gradually with the increase in incubation time and finally showed no difference to that of 1 mM Cu 2+ in the presence of CTAB (curve d). Thus, the oxidation of CuBr 2 − −CTA + by dissolved oxygen could also be verified. Because CuBr 2 − −CTA + could be oxidized by dissolved oxygen, it is reasonable to assume that Cu + would catalyze the etching of GNRs by dissolved oxygen in HBr solutions in the presence of CTAB. Figure S9 in the Supporting Information demonstrates the test results of such an assumption. A blue shift of the longitudinal LSPR extinction peak was observed. The blue shift appeared to be more significant with the increase in CuBr. It can be concluded that the etching of GNRs by dissolved oxygen could also be accelerated by Cu + . Inspired by the outstanding catalytic property of Cu 2+ upon the etching of GNRs, a simple and practical sensor was used for the sensing of Cu 2+ in a complex matrix. Several key factors, including the CTAB concentration, temperature, and time were optimized (Figures S10−S15, Supporting Information). Figure 3 shows the responses of the proposed sensors to different concentrations of Cu 2+ under the optimal condition. The longitudinal LSPR extinction peak of GNRs were bleached and shifted to short wavelength gradually with increasing Cu 2+ concentration ( Figure 3A,B) . Two different linear relationships, one between the peak shift and Cu 2+ concentrations (1.0 to 20 nM, Figure 3C ) and the other between the peak shift and logarithm of Cu 2+ concentrations (20 to 10 5 nM, Figure 3D ), were respectively obtained. The detection limit was calculated to be 0.5 nM according to the S/N = 3 rule, which is lower than that of other nanoparticles and quantum-dot-based sensors, [7] [8] [9] [10] [11] 17, 18, 28 and is comparable to the results obtained by AAS, AES, ICPMS, and anodic/cathodic stripping voltammetry (Table 1) . 29−35 Digital photographs ( Figure 3E) show that the color of the GNR solutions changed from blue to red and even to colorless with increasing Cu 2+ content. The color change induced by 50 nM Cu 2+ can be easily observed by the naked eye. Such a concentration is almost 3 orders of magnitude lower than the safety limit defined by WHO (20 μM , and NO 2 − at a concentration of 1.0 μM (Figure 4) . It was found that the color and spectra of GNRs changed very little with the addition of those ions. However, the addition of 0.1 μM Cu 2+ caused the solution color to change from blue to blue-gray, accompanied by a significant peak shift in the longitudinal LSPR extinction. A greater concentration of Cu 2+ (1.0 μM) led to a more obvious color change and more peak shifts. The interference of other ions was also evaluated by mixing the ions mentioned above (each at a concentration of 1.0 μM) and GNRs in HBr solution in the presence and absence of Cu 2+ . The results showed that the presence of those ions had negligible effects on the detection of Cu 2+ . For these reasons, we concluded that the probe displayed excellent selectivity toward Cu 2+ . To test the applicability of the proposed probe for Cu 2+ detection in real samples, several samples including lake water (Sanyuan lake, Yantai university), seawater (certified seawater purchased from National Research Council Canada), and digested shellfish samples were tested using this probe. Table 2 shows the detection results using the proposed probe. The detection results are consistent with the certified concentration, spiked concentrations, and ICPMS results. It is particularly noteworthy that our sensor yields excellent tolerance to the high salinity of seawater without any aggregation during the etching 6 nM river water 7 polyethylenimine-protected silver nanoclusters/fluorescence 10 nM river, lake, tap, and spring water 11 meso-2,3-dimercaptosuccinic acid DMSA-capped CdTe QDs/visual detection 10 nM synthetic sample 9 (sodium poly(2-(4-methyl-3-thienyloxy)propanesulfonate/click-reaction-based visual detection 3 μM tap and lake water 2 thiosulfate-stabilized Ag/Au nanoparticles/visual detection/visual and spectrophotometric detection ∼50 nM/1 nM tap and pond water 17
CTAB-stabilized gold nanoparticles/visual and spectrophotometric detection 40 nM/5.0 nM shellfish, tap and drinking water 18 azide-and alkyne-functionalized gold nanoparticles/click-reaction-based visual detection 50 μM 2 8 CTAB-stabilized gold nanorods/visual and spectrophotometric detection 50 nM/0.5 nM shellfish, lake and seawater this work process (Figures S16 and S17, Supporting Information), which is why this method can be used in seawater. For a long time, the detection of trace metals in seawater has been a forbidden subject for nanoparticles-based visual probes. Such results demonstrate that our probe could be a practical tool for the rapid on-site monitoring of Cu 2+ (especially in seawater). On the basis of the above efforts, a simple test paper was also preliminarily developed for the visual detection of Cu 2+ . Briefly, 5.0 μL of a CTAB-stabilized GNR colloid was dropped onto a specific zone of filter papers (Supor 450, 0.45 μm, Pall Corporation, USA). The solution was thereafter evaporated in air sufficiently. The sensing zone was immersed in a 2 M HBr solution premixed with target or standard aqueous samples. After incubation at 75°C for 20 min, the color of each test zone was inspected and compared. The color turned red and even colorless gradually wit increasing Cu 2+ content ( Figure 5 ), which is obvious enough to the naked eye at a concentration of 100 nM. The recognizable limit of such a test paper, as tested by uninformed volunteers, was 100 nM for Cu 2+ with the naked eye. The designed test paper, as compared to other reports, is much simpler, more economical, and more practical for the detection of Cu 2+ .
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■ CONCLUSIONS
We have developed a novel approach for the visual sensing of Cu 2+ with high sensitivity and selectivity in aqueous media based on the catalytic etching of GNRs, which caused a change in the shape-dependent LSPR spectroscopy of GNRs. Compared to other sensors for the detection of Cu 2+ , our sensor shows a rapid response and sensitivity toward Cu
2+
, with a detectable range (50 nM−1.0 mM) over 5 orders of magnitude by the naked eye. To the best of our knowledge, the visual detection limit, 50 nM, is among the lowest reported for the detection of Cu 2+ . Importantly, this sensor is highlighted by its excellent selectivity and high tolerance to interference, which enables the sensor to detect Cu 2+ directly in a complex matrix without complicated processes of sample pretreatment. Because the approach avoids the need for sophisticated equipment, the sensor promises to be a practical tool for the in situ monitoring of Cu 2+ . Moreover, such a nanoparticle-based sensor is applied to test paper for the detection Cu 2+ with the naked eye. The test paper would be potentially used in the rapid detection of Cu 2+ in real samples.
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